O-glycosylation has been considered a limiting factor in protein secretion in filamentous fungi. Overexpression of the yeast DPM1 gene encoding dolichylphosphate mannose synthase (DPMS) in an Aspergillus nidulans mutant (BWB26A) deficient in O-glycosylation caused an increase in the number of secretory vesicles and changes in protein secretion. However, the secretory proteins, primarily O-mannosylated glucoamylase and N-glycosylated invertase, were mainly trapped in the periplasmic space. Different glycoforms of invertase were found insite the cells, in the periplasmic space and in the cultivation medium. Our data point to the importance of the cell wall as a barrier in protein secretion.
contrast to inhibition of N-glycosylation, blocked protein secretion (Kubicek et al., 1987) . A similar effect was observed for a mutant of the yeast Hansenula polymorpha partially blocked in the production of guanosine 5¢-diphospho-D-mannose (GDPMan), a primary sugar donor in protein N-and O-glycosylation (Agaphonov et al., 2001) . In those studies secretion of two secretory proteins, i.e., the O-glycosylated chitinase and the N-glycosylated invertase was compared in the parental strain and the opu24 mutant. Although less glycosylated, invertase was shown to be secreted without disturbances, in contrast to the underglycosylated chitinase which was secreted in small amounts. Clearly visible changes were also observed in the cell wall of the opu24 mutant resulting in increased sensitivity to zymolyase.
In our earlier study we identified some of the factors affecting protein secretion and activity of dolichylphosphate mannose synthase (DPMS), a key enzyme in O-glycosylation in T. reesei. Choline and Tween 80, when added to the cultivation medium, stimulated secretion and, at the same time, elevated DPMS activity (Kruszewska et al., 1990) . Moreover, overexpression of the yeast DPM1 gene in T. reesei increased protein secretion of wild type glycosylated proteins up to seven-fold (Kruszewska et al., 1999) . Significant changes were also observed in the ultrastructure of the mutant cell wall and some organelles. The cell wall of the T. reesei strain overexpressing DPM1 JSK97/3 had a flocculent structure as opposed to the compact cell wall of the parental strain. We reasoned that such a loose cell wall could be more permeable and simplify the flow of secreted proteins. Simultaneously, an increase in the number of mitochondria was also observed.
In this work we demonstrate that a glycosylation deficient Aspergillus nidulans mutant (BWB26A) impaired in DPMS activity is defective in the production of glucoamylase and invertase, the major secretory glycoproteins. Overexpression in the mutant cells of the yeast DPM1 gene increased the secretion of primarily O-mannosylated glucoamylase and N-glycosylated invertase; however, in the transformed strain, the secreted proteins accumulated in the periplasmic space. Electron microscopy of the transformed strain revealed changes in the ultrastructure connected with the secretory pathway.
MATERIALS AND METHODS
We used A. nidulans 2.1, a Glasgow wild type strain, and BWB26A, a glycosylation deficient mutant (Table 1) . The mutant was cotransformed with the yeast DPM1 gene fused under the A. nidulans gpdA gene promoter (glyceraldehyde-3 phosphate dehydrogenase) and trpC (indole-3-glycerol phosphate synthase) terminator, using pAN52-1NotI plasmid (NCBI accession number Z32697). The complete coding sequence of the S. cerevisiae DPM1 gene was amplified by PCR, using the Expand High Fidelity PCR System (Boehringer Mannheim, Germany). The primers DPM1s (5¢ AGC ATC GAA TAC TCT GTT ATC GTT 3¢) and DPM1r (5¢ TTA AAA GAC CAA ATG GTA TAG CTG 3¢) were used for gene amplification. The pAN521N plasmid was cut between the promoter and the terminator with BamHI, the sticky ends were blunted with mung bean nuclease (Promega) and the PCR product was ligated with the plasmid. The pHELP1 plasmid with the argB marker gene was used as a partner in cotransformation (Gems et al., 1991; Gems & Clutterbuck, 1993 (Pontercorvo et al., 1953) .
Molecular biology methods. Chromosomal DNA was isolated from A. nidulans by acid guanidinium thiocyanate-phenol-chloroform extraction, as described previously (Gruber et al.,1990) . Total RNA was isolated by the single-step method of Chomczynski & Sacchi (1987) . Other molecular biology techniques were performed according to standard protocols (Sambrook et al., 1989) . Membrane preparation. Aspergillus mycelium was harvested by filtration, washed with water and suspended in 50 mM Tris/HCl, pH 7.4, containing 15 mM MgCl 2 and 9 mM b-mercaptoethanol. Cells were homogenised in a Beadbeater with glass beads (0.5 mm) and the homogenate was centrifuged at 5 000 g for 10 min to remove cell debris and unbroken cells. The supernatant was centrifuged at 100 000´g for 1 h. The membrane pellet was homogenised in 50 mM Tris/HCl, pH 7.4, containing 3.5 mM MgCl 2 and 6 mM b-mercaptoethanol, and used as the source of enzyme. The whole procedure was performed at 4°C (Pless & Palamarczyk, 1987) . DPMS activity. The enzyme activity was assayed in membrane fraction by incubation of 100 mg of membrane proteins with GDP[
14 C]Man (specific activity 288 Ci/mol; (Amersham)) and 5 ng of dolichylphosphate (DolP), according to Kruszewska et al. (1990; 2000) . In vitro phosphorylation of the membrane proteins was performed with 0.2 mM ATP and 25 units of the catalytic subunit of cAMP dependent protein kinase (Sigma), as described by Kruszewska et al. (1991) . Subsequently, dolichylphosphate mannose (DPM) synthesis catalysed by phosphorylated protein was determined as described above.
Protease activity assay. The proteolytic activity in culture filtrates was assayed according to the azocasein method (Lovrien et al., 1985) . One unit of proteolytic activity was expressed as an increase in absorbance of reaction mixture at 366 nm in 1 min per 1 ml.
Invertase induction and activity. A. nidulans strains were grown in 300 ml Erlenmayer shake flask containing 15 ml of AMM medium with 1% (w/v) glucose. After 24 h, the mycelium was harvested by centrifugation at 2 000´g for 10 min, washed twice with 10 ml of AMM medium without a carbon source, transferred to 300 ml conical flasks containing 15 ml AMM with 2% (w/v) sucrose and incubated for 3, 6, 24 and 48 h. After induction, the mycelium was centrifuged at 2 000´g for 15 min at 4°C. The culture medium was dialysed overnight at 4°C against distilled water and the activity of secreted invertase was assayed.
The mycelium was washed with 10 ml sterile distilled water, transferred to a sterile Erlenmayer shake flask, treated with 5 ml of a solution of lytic enzymes containing 5 mg/ml Novozyme, 2.5 mg/ml lyticase, 0.6 M KCl, 10 mM phosphate buffer, pH 6.0, and incubated with shaking at 37°C for 2 h. Cell debris was removed by vacuum filtration through a Schott P2 sintered glass funnel, and protoplasts were recovered from the filtrate by the centrifugation at 2 000´g for 10 min. The filtrate was dialysed against distilled water overnight at 4°C and the activity of invertase released from the periplasmic space was determined.
The protoplasts were resuspended in 10 ml 0.6 M KCl and centrifuged at 2 000´g for 10 min. The pellet was resuspended in 10 ml of 50 mM Tris/HCl buffer, pH 7.4, containing 15 mM MgCl 2 and 9 mM b-mercaptoethanol, and homogenised with glass beads (diameter 0.5 mm) in a Beadbeater for 20 s. The activity of intracellular invertase was assayed in the homogenate following overnight dialysis against water at 4°C (Vainstein & Peberdy, 1991) .
Invertase activity was determined by the release of reducing sugars from sucrose used as a substrate at pH 5.0 at 30°C. (One unit of Vol. 52 Aspergillus nidulans mutant impaired in glycosylation 197
invertase liberated 1 mmole of reducing sugar per 1 min at 30°C) (Miller, 1959) . Assay of invertase activity in polyacrylamide gel. All samples from the preceding section were taken to dryness, dissolved in 2´electrophoresis sample buffer (125 mM Tris/HCl buffer, pH 6.8, 20% glycerol, 4% SDS and bromophenol blue) and electrophoresed in 7.5% polyacrylamide gel. Immediately afterwards, the gel was incubated in 2.5% Triton X-100 at room temperature for 1 h, washed twice with distilled water, incubated in 0.1 M sucrose in 0.1 M sodium acetate buffer, pH 5.0, at 30°C, washed again with distilled water, treated with 0.1 M iodoacetamide for 5 min at room temperature and washed. Subsequently, the gel was incubated in a freshly prepared solution of 0.2% 2,3,5-triphenyltetrazolium chloride monohydrate in 1 M NaOH, heated in a boiling water bath for 1-2 min, then washed with distilled water, fixed in 7.5% acetic acid for 30 min and dried under vacuum.
Glucoamylase activity. Aspergillus was grown in AMM medium supplemented with 1% (w/v) maltodextrin. Glucoamylase activity was determined as described by Yamasaki et al. (1977) . Samples (culture medium, suspension of protoplasts or cell free extract) of 100 ml were incubated for 60 min at 30°C in 0.2% maltose in 0.5 M sodium acetate buffer, pH 5.3. The reaction was stopped by heating in a boiling water bath for 5 min, and glucose concentration was measured using the Sigma hexokinase diagnostic kit according to the standard protocol (Sigma 115A). One unit of glucoamylase released 1 mmole of glucose per 1 min at 30°C.
Protein determination. Protein was determined by the method of Lowry et al. (1951) .
Quantitation of fungal dry weight. Fungal dry weight was quantified by filtering the culture through a coarse (G 1 grade) sinter funnel, washing the fungal material with a threefold volume of tap water and drying to a constant weight.
Electron microscopy. After 24 h of induction of invertase secretion, the mycelium was collected by centrifugation at 2 000´g for 10 min and processed for electron microscopy as described previously (Kurząt-kowski et al., 1991) . Ultrathin sections were examined under a JEM100C transmission electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kV.
RESULTS

Overexpression of S. cerevisiae DPM1 gene in A. nidulans mutant
Previous results (Kruszewska et al.,1999) 26A-ULJK00/9 BWB26A transformed with DPM1 gene pabaA1, biA1, gcnA95(glcA) (Fig. 1) . A high level of DPM1 transcript was observed in the total RNA from the 26A-ULJK00/9 strain. This is in agreement with the DPMS activity measured in the microsomal fraction of 26A-ULJK00/9 in comparison to the parental BWB26A strain ( Table 2) . Expression of the yeast DPM1 gene elevated the activity of the encoded enzyme up to 176% of that of the BWB26A mutant, but it still remained lower than that in the wild type 2.1 strain. We found also that in vitro phosphorylation of membrane fraction proteins enhanced the DPMS activity. The low activity in the mutant BWB26A strain was stimulated only up to 143% that of the nonphosphorylated enzyme, whereas an over threefold higher activity was obtained after membrane protein phosphorylation for the transformed strain. It is worth noting that a similar three-fold increase in DPMS activity was observed in phosphorylated membranes from the wild type strain.
Protein secretion and cell ultrastructure
Overexpression of the DPM1 gene in T. reesei resulted in a seven-fold higher secretion of protein. In contrast, in A. nidulans bearing the yeast gene we did not observe any significant increase in protein secretion to the growth medium. The assay was repeated in the growth conditions used for glucoamylase ( Fig. 2A) and, also for invertase (Fig. 2B) induction. In neither case there was an effect on protein secretion to the growth Vol. 52 Aspergillus nidulans mutant impaired in glycosylation 199 Total RNA (20 mg) from the control strain, BWB26A, and from the transformant were loaded onto the gel, blotted and probed with the 0.6-kb BanII fragment of the S. cerevisiae DPM1 gene. Loading controls were hybridised with PCR fragment of A. nidulans g-actin gene.
Figure 2. Concentration of secreted proteins in cultivation medium from A. nidulans strains grown in conditions inducing glucoamylase (A) and invertase (B).
The data are means of five independent cultivations. A B medium. However, since overexpression of the yeast gene in T. reesei also altered the structure of the cell wall, we examined if similar changes occurred in A. nidulans (Fig. 3) . Electron microscopy revealed substantial changes in the cells of the 26A-ULJK00/9 strain in comparison to the untransformed mutant. The differences concerned the number of vacuoles and secretory vesicles, which increased twice after transformation (Table 3). This result might suggest changes in the secretory machinery, and thus inspired us to study the process in greater detail. Having in mind that the cell wall was not altered in the transformed A. nidulans strain and could constitute a barrier to protein movement, we studied protein secretion to the periplasmic space of the fungal cells. To choose the optimal period of cultivation for enzymatic assays, we looked for the growth phase with the lowest protease activity. The activity of proteases in the cell free extract was assayed after 24, 48, 53 and 72 h of cultivation, with the lowest activity appearing after 24 h and, importantly, at almost the same level for the three strains (Fig. 4A) . Subsequently, we cultivated the A. nidulans 2.1, BWB26A and 26A-ULJK00/9 strains in conditions inducing invertase and glucoamylase expression, and assayed their activities in the medium, in the periplasmic space and inside the cells. The wild type strain 2.1 exhibited glucoamylase activity in every compartment (Fig. 5) . The highest activity was observed in the medium and inside the cells, while that in the periplasmic space was lower by over 50%. In the mutant, a very low enzyme activity was detected in the periplasmic space and the growth medium. This distribution changed after transformation with the DPM1 gene. Elevated glucoamylase activity appeared in the periplasmic space with some still present within the protoplasts, suggesting that the cell wall may present a barrier reducing protein secretion. At the same time, in all the strains the highest activity of proteases was detected in the periplasmic space (Fig. 4B) . Ultrathin sections from: wild type strain 2.1 (A), magnification 47 600´; mutant BWB26A (B), magnification 51 800´; transformed strain 26A-ULJK00/9 (C), magnification 32 500´. CW, cell wall; N, nucleus; Ne, nuclear envelope; P, nuclear pores; M, mitochondria; LO, longitudinally sectioned tubular cristae of mitochondrion; ER, endoplasmic reticulum; L, lipid bodies; V, secretory vesicles; WV, wall vesicles; square, ribosomes.
For a more complete picture of protein secretion in the strain overexpressing DPM1, we chose another enzyme, the N-glycosylated invertase. Synthesis of invertase was induced by growing in a sucrose medium for 3, 6, 24 and 48 h. Total invertase activity in the DPM1 transformed strain was compared to the parental BWB26A and wild type 2.1 strains. In contrast to the 26A-ULJK00/9 strain, where the activity appeared after 6 h of induction and after 24 h reached a 28-fold higher level than in the parental strain, both control strains revealed only very weak total enzyme activity (Fig. 6) . Nearly all the enzyme was found in the periplasmic space of the transformed cells (Fig. 7) . When analysed in an SDS gel, invertase obtained for protoplasts, from the periplasmic space and from the growth medium exhibited differences in the level of glycosylation. The less glycosylated forms were mostly retained in the cells (Fig. 8) . More glycosylated invertase molecules easily passed through the secretory pathway and appeared in the medium, whereas the intermediate glycoforms were found mostly in the periplasmic space.
DISCUSSION
The secretory abilities of filamentous fungi such as Aspergillus or Trichoderma are being Vol. 52 Aspergillus nidulans mutant impaired in glycosylation 201 (Zakrzewska et al., 2003) . In contrast to the S. cerevisiae enzyme, DPMS from T. reesei belongs to the human group of such enzymes and requires additional subunits for full activity (Kruszewska et al., 2000) . Overexpression of one subunit turned out to be insufficient to induce the expression of the other subunits, and the activity of DPMS remained unchanged. The A. nidulans gene encoding DPMS has not been cloned yet, and only by analogy to T. reesei we can presume that it belongs to the human group of these enzymes. In this study we expected changes in the morphology of A. nidulans cells upon transformation, especially in view of the increased cell wall permeability observed previously for the T. reesei transformants (Kruszewska et al., 1999; Lenart et al., 2003) . In A. nidulans significant changes in ultrastructure were found in the secretory apparatus and concerned the secretory vesicles. Although transport of secretory proteins seemed to be intensified, the proteins stayed trapped within the periplasmic space. Invertase observed in the gel revealed limited glycosylation of the enzyme retained in the cells and periplasmic space in comparison to that in the medium of the wild type strain 2.1. Therefore, the partially blocked secretion could be due to limited glycosylation or to the impermeability of the cell wall. On the other hand, the H. polymorpha opu24 mutant secreted unglycosylated invertase more efficiently than the parental strain secreted the glycosylated form (Agaphonov et al., 2001 ). This could be explained by the key role in secretion played by the morphologically altered cell wall. The H. polymorpha mutant cells were shown to be sensitive to an osmotically destabilising detergent, SDS, and increasingly susceptible to zymolyase. Characterisation of T. reesei DPM1 transformants revealed that even the more permeable cell wall still constituted a barrier to secretion (Kruszewska and Palamarczyk, unpublished) . Studies on A. nidualns and H. polymorpha showed that limited N-glycosylation did not hinder secretion of N-glycosylated proteins, but partially blocked O-glycosylation could do so. Secretion of chitinase in the H. polymorpha mutant was strongly inhibited when the enzyme was less glycosylated. The trace secretion of O-and N-glycosylated glucoamylase in the A. nidulans mutant was probably unrelated to the defect in N-glycosylation.
Comparison of the effect of glycosylation on protein secretion in different organisms presents great difficulties. Partial inhibition of glycosylation in A. nidulans blocked the production and secretion of invertase and glucoamylase, whereas in the H. polymorpha mutants only the O-glycosylated chitinase was negatively affected.
Stimulation of O-glycosylation in T. reesei and A. nidulans elevated protein secretion; however, in T. reesei the proteins were secreted to the medium (Kruszewska et al., 1999) whereas in A. nidulans only to the periplasmic space. Varied morphological effects were observed in every organism with altered glycosylation. Our study showed that upregulation of glycosylation processes could Vol. 52 Aspergillus nidulans mutant impaired in glycosylation 203 help in effective protein production and secretion, but the correlation between glycosylation and possible changes in cell morphology requires further studies. 
